The paper analyses the effect of cooling/heating rate of chicken meat (Pectoralis major) on the crystallization temperature (T c on, T c , T c end), melting temperature (T m on, T m , T m end), crystallization enthalpy (ΔH c ) and melting enthalpy (ΔH m ). Chicken meat samples were scanned by differential scanning calorimetry (DSC) at five rates (2, 5, 10, 15, 20 °C/min), from 20 °C to -40 °C, and then from -40 °C to 20 °C.The results of the statistical analysis show that the fastest cooling rate (20 °C/min) significantly (p<0.05) affects the mean enthalpy value (-202.87 J/g) compared to other analysed rates. The cooling/heating rate affects the crystallization temperature (T c on, T c , T c end) and melting temperature (T m on, T m , T m end) (p<0.05). The heating rate of chicken meat highly correlates with T m , T m end and ΔT m (the correlation coefficients were 0.993, 0.998 and 0.998, respectively).
INTRODUCTION
Differential scanning calorimetry (DSC) is a technique commonly used for the analysis of phase transition and thermo-physical properties of food (Zaidul et al., 2008; Dahimi et al., 2014; Tolstorebrov et al., 2014; Karthikeyan et al., 2015) . The method involves scanning the analyzed sample and the reference sample at a preset cooling/heating rate. On the curve obtained during the DSC analysis, each difference in heat energy is recorded as a certain peak (Schubring, 1999; Zielbauer et al., 2016) . The DSC generated thermogram indicates the change of the thermal flow depending on the temperature. In this way, it is possible to obtain data on the amount of energy which is released or received during phase transition (Tomaszewska-Gras, 2013; Tolstorebrov et al., 2014) . DSC can be used for the determination of the thermo-physical properties and their changes depending on temperature and food structure. Previous researches have been devoted to the determination of properties of fishery products (Schubring, 1999) , fresh meat (Voutila et Crystallization of water during freezing, as well as melting of ice which occurs in the process of thawing, are the most frequent phase transitions in food Kiani and Sun, 2011; Tolstorebrov et al., 2014) . Freezing is one of the oldest and most commonly used food preservation methods. Compared to other preservation methods, in frozen foods, the main ingredients and labile food components are best preserved. Changes of the proteins of meat and fish during freezing do not cause great quality losses during long-term storage of these frozen products (Soyer et al., 2010) . Freezing and frozen storage are widely performed methods in meat industry in order to preserve nutritional and sensory properties of meat products (Soyer et al., 2010; Bueno et al., 2013; Xanthakis et al., 2013) . Physico-chemical and sensory characteristics of meat may be altered after freezing and thawing, and, due to this, these processes have a large effect on the quality of meat Grujić et al., 2003; Bueno et al., 2013) . Therefore, studying the effects of freezing and frozen storage on physical and chemical changes in meat is very important for meat processing (Bertram et al., 2007) . DSC is a method suitable for measuring the freezing and melting properties of food, for example the freezing, melting, and the glass transition temperatures. DSC analysis can be performed with different scanning rates. However, there are only few studies in the literature which compare DSC thermograms with respect to different cooling and heating rate of food. The aim of this paper was to define the temperatures of crystallization, melting and glass transition of chicken meat (Pectoralis major), using differential scanning calorimetry (DSC), at different cooling/heating rates.
MATERIALS AND METHODS

Standard procedure
The study investigated fresh post-rigor chicken meat (Pectoralis major), purchased at a slaughter house.
Differential scanning calorimetry thermograms were obtained using a differential scanning calorimeter DSC (204 F1 Phoenix, Netszch). The samples (14±2 mg) were weighed into 25 µl capacity aluminum pans. After that, the pans were hermetically sealed. An equal empty pan was used as a reference sample during the experiments. Cell calibration was carried out according to the DSC recommendations provided by the manufacturer. The flow rate of purge nitrogen gas was 20 ml min -1 .
The temperatures of onset crystallization (T c on), peak crystallization (T c ), end crystallization (T c end) and enthalpy of crystallization (ΔH c ) were measured from the cooling curves and analyzed for the crystallization process. The following temperatures were analyzed for the melting process: the temperatures of onset melting (T m on), peak melting (T m ) and end melting (T m end). The melting temperature interval was computed as the width of the melting peak (ΔT m =T m end-T m on) and the crystallization temperature interval was calculated as the width of the crystallization peak (ΔT c =T c on-T c end). The enthalpy of melting ΔH m (J/g) was calculated as the area between the melting curve and the baseline. The DSC thermogram analysis and the determination of thermo-physical properties of chicken meat were conducted using the Proteus software, version 6.1.0 (NETZSCH-Gerätebau GmbH, Germany). The glass transition temperature (T g ) was calculated from the DSC melting curves, using Proteus software.
The influence of the scanning rate on thermo-physical properties of chicken meat
The samples of chicken meat were cooled and heated at five rates (2, 5, 10, 15, 20 °C/min). First of all, the samples were equilibrated (20 °C for 5 min) and cooled to -40 °C at a selected rate. After an isothermal phase (-40 °C for 5 min), the samples were heated at the identical rate to 20 °C. The analysis of all the samples was repeated three times.
Determination of freezable water
The percentage of freezable water (FW) in chicken meat was determined according to Eq.1 (Xanthakis et al., 2013) :
Where FW is the percentage of freezable water, ΔH m is the enthalpy of melting (J/g), H f represents theoretical enthalpy of melting ice at 0 °C (333.50 J/g) and m s is the mass of the sample. The percentage of unfreezable water (UFW) was determined as the difference between the total water percentage and percentage of freezable water (Simmons et al., 2012) . The total water content of chicken meat was determined by drying at 105±2 °C to constant mass (AOAC, 2006).
Statistical analysis
The obtained results are expressed as the mean values and standard deviations of three measurements. One factor analysis of variance (ANOVA) was done by applying the IBM SPSS Statistics for Windows, version 22.0 (Armonk, NY, United States). The Duncan's Post-hoc test, at a significance level of 0.05, was used for the comparison of treatment means and creating statistically homogeneous groups.
RESULTS AND DISCUSSION
The influence of the scanning rate on the crystallization processes in chicken meat
Meat is a complex system including various compositions and structures. Therefore, the characterization of meat can be challenging. Many analytical methods have been used to study food, including DSC. This technique can be used to investigate thermal transition of various food products (Schubring, 1999 ; Tomaszewska-Gras, 2013; Dahimi et al., 2014). For the tested chicken meat samples, various cooling rates caused diverse peak shapes, different sizes and different temperatures. As seen in Figure 1 The influence of scanning rate on the melting processes in chicken meat Figure 2 presents the melting curves of chicken meat obtained at different heating rates (2, 5, 10, 15 and 20 °C/min), following the cooling of samples with the same rates to the final temperature of -40 °C. As shown in Figure 2 , heating of chicken meat at different rates (from 2 to 20 °C/min) caused various changes in the process of ice melting. The shape of the curves, as well as the width of melting peaks changed depending on the heating rate. The crystallization curves have narrower peaks than the curves of melting, as it can be seen in Figure 1 and 2. This indicates that the process of thawing in meat occurs more slowly than freezing. The temperature interval of thawing is wider than that of freezing and the changes that take place during thawing are more gradual in comparison to freezing, as has already been observed (Karthikeyan et al., 2015) . Similarly to the crystallization process, the size and the position of peaks and the shape of the melting curves changed with various heating rates.
The values of the enthalpy of melting (ΔH m ) significantly (p<0.05) increased with the increase in the heating rates from 2 °C/min to 20 °C/min. For the heating rate 2 °C/min, the value of the enthalpy of melting was 173.67 J/g, and 205.20 J/g for the heating rate 20 °C/min (Table 2 ).
An important feature in the study of food processing and different aspects of food stability is glass transition. The glass transition approach can be used as a parameter for the estimation of water mobility and food stability. Below the glass transition temperature (T g ) food is quite stable (Ostojić et al., 2014) . Glass transition is a second-order phase transition, a property of food that occurs in a distinctive glass transition temperature interval (Figure 2) .
The mean values of glass transition temperature (T g ) for chicken meat significantly (p<0.05) changed with the increase in the heating rate (Table 2) , ranging from -6.90 °C for the rate 2 °C/min to -5.40 °C for the rate 20 °C/min. Akkose and Aktas (2009) found that the T g value for rainbow trout was -13 °C and authors considered that -13 ºC could be an indicator of usability instead of -18 °C. Different chemical reactions can cause deterioration of frozen food. The Tg concept is a credible measure for evaluation food stability at sub-freezing temperatures (Akkose and Aktas, 2008).
Different transition temperatures of melting for chicken meat were recorded with various heating rates (2, 5, 10, 15 and 20 °C/min). In this research, the values of the onset melting temperature (T m on) gradually increased from -3.03 °C to -2.50 °C with increase in heating rate from 2 to 20 °C/min. Further, significant (p<0.05) differrences between mean values of peak melting (T m ) and end melting temperature (T m end) of chicken meat were observed for all the heating rates. For the rate 2 °C/min, the peak melting (T m ) temperature was 1.30 °C, and for the rate 20 °C/min 8.07 °C. Moreover, the end melting temperature (T m end) significantly increased (p<0.05) from 1.87 °C to 11.27 °C, with increase in heating rate from 2 to 20 °C/min. Analogously to the process of crystallization, reduction of the heating rate caused a significant (p<0.05) decrease in the width of the melting peak (ΔT m ) for chicken meat, and the width of the melting peak (ΔT m ), in which the melting process of water takes place, increased with the increase of the heating rate ( Table 2) .
As it can be seen in Figure 3 , there are linear relationships between the heating rate and the temperature of peak melting (T m ), the temperature of end melting (T m end) and the melting temperature interval (ΔT m ) for chicken meat. Understanding of thermo-dynamic properties (e.g. initial freezing temperature, frozen water content, specific heat and enthalpy) at low temperatures is very important from the aspect of process design, the choice of appropriate equipment, the assessment of freezing and thawing time, and operating expenses. The most important factors affecting the thermal and physical characteristics of food products are their composition and temperature (Matuda et al., 2011).
The influence of the scanning rate on the content of freezable and unfreeezable water in chicken meat Different types of meat have different contents of water that can undergo the phase transition. In regard to its behavior during freezing, the water present in meat can be divided into two types: freezable and unfreezable water. Only the first type of water crystallizes into ice (Ding et al., 2015) . It is arbitrarily chosen that 100% of the freezable water will freeze at a temperature of -40 °C. Accordingly, the quantity of unfrozen water at the same temperature (-40 ºC) is known as "unfreezable water'' (Hamdami, 2004; Fasina, 2012; Tolstorebrov, 2014) . The unfreezable water is bound water, while the freezable water represents the free water fraction of the total water content in a product.
Analogously to the enthalpy of melting, the mean values of freezable water content and unfreezable water content significantly differ (p<0.05) for the heating rates from 2 to 20 °C/min. A significant (p<0.05) increase in the freezable water content was recorded in chicken meat, from 52.07% for the rate 2 °C/min to 61.53% for the rate 20 °C/min, and a significant (p<0.05) decrease in the unfreezable water content from 22.69% for the rate 2 °C/min to 13.23% for the rate 20 °C/min (Figure 4) . Tolstorebrov et al. (2014) reported that the amount of unfreezable water calculated by the DSC melting endotherm integration for the scanning rate of 5 °C/min for Atlantic Salmon, Cod, Herring, Mackerel and Rainbow Trout was in the range between 5.1% to 8.6%.
Thermo-physical properties of meat products depend on their chemical composition, especially the water content. Deteriorative reactions in meat are the main cause for the decrease in quality during storage, and the primary reason for product spoilage. These reactions in the meat tissues are normally inhibited by decreasing the product temperature, which results in the increase of shelf life. The length of a high quality shelf life (the general trend) increases exponentially with the temperature decrease from -5.0 °C to -30.0 °C (Tolstorebrov et al., 2014) . Acceptable storage is achieved at -18.0 °C and below.
The most significant change that occurs during freezing of food is the crystallization of water into ice (Xanthakis et al., 2013) . The modeling of the freezing process contributes to understanding the complex changes that are caused by the temperature changes and modification in the content and attainability of water in a food product. In addition, it can help to identify stability of food during preservation, as well as in selection of an appropriate processing condition (Rahman, 2006) .
CONCLUSIONS
Differential scanning calorimetry (DSC) can be used to measure the enthalpies and temperatures of phase transitions in chicken meat. The study showed that the cooling rate from 2 to 20 °C/min affected the enthalpy (ΔH c ) and the end temperatures (T c end) of the crystallization process (p<0.05). The effect of the heating rate on the temperatures of the melting process (T m on, T m , T m end) for chicken meat was significant (p<0.05). The values of the enthalpy of melting, as well as the freezable water content in chicken meat were significantly (p<0.05) different for the heating rates from 2 to 20 °C/min. The width of the crystallization temperature interval (ΔT c ), in which water crystallization takes place, increased with the increasing in the cooling rate (p<0.05), from 1.37 °C (rate 2 °C/min) to 5.97 °C (rate 20 °C/min). Similarly, the width of the melting peak (ΔT m ) increased (p<0.05) with increasing
